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Magnetic properties and magnetic structure of the Ba2Mn(PO4)2 antiferromagnet featuring frus-
trated zigzag chains of S = 5
2
Mn2+ ions are reported based on neutron diffraction, density-functional
band-structure calculations, as well as temperature- and field-dependent measurements of the mag-
netization and specific heat. A magnetic transition at TN ' 5 K marks the onset of the antiferromag-
netic order with the propagation vector k = ( 1
2
0 1
2
) and ordered moment of 4.33±0.08 µB/Mn2+ at
1.5 K, pointing along the c direction. Direction of the magnetic moment is chosen by the single-ion
anisotropy, which is relatively weak compared to the isostructural Ni2+ compound. Geometrical
frustration has strong impact on thermodynamic properties of Ba2Mn(PO4)2, but manifestations
of the frustration are different from those in Ba2Ni(PO4)2, where frustration by isotropic exchange
couplings is minor, yet strong and competing single-ion anisotropies are present. A spin-flop tran-
sition is observed around 2.5 T. The evaluation of the magnetic structure from the ground state
via the spin-flop state to the field-polarized ferromagnetic state has been revealed by a comprehen-
sive neutron diffraction study as a function of magnetic field below TN . Finally, a magnetic phase
diagram in the H − T plane is obtained.
PACS numbers: 75.50.Ee, 75.40.Cx, 75.10.Jm, 75.30.Et
I. INTRODUCTION
Different transition-metal ions embedded in the same
type of crystal structure can show drastically different
magnetic behavior. Even if structural arrangement does
not change significantly, magnetic interactions can be
altered because different magnetic orbitals become ac-
tive [1–3]. Additionally, the type of local (single-ion)
anisotropy changes from one transition-metal ion to an-
other. For example, Li2CuW2O8 is collinear antiferro-
magnet with a single magnetic transition [4], whereas
Li2NiW2O8 shows two ordered states in zero field, one
commensurate and one incommensurate [5]. The con-
secutive formation of two ordered states may be driven
by the single-ion anisotropy of spin-1 Ni2+, which is ab-
sent in the case of spin- 12 Cu
2+. Despite the absence of
anisotropy, Cu2+ is a complex magnetic ion on its own
with a strong proclivity to long-range superexchange cou-
plings. Whereas BiMn2PO6 develops conventional long-
range magnetic order [6], BiCu2PO6 lacks magnetic or-
der and exhibits gapped singlet ground state [7, 8]. This
is due to the second-neighbor couplings that introduce
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strong frustration [7, 9] reflected by the non-trivial dis-
persion of triplet excitations [10, 11] and a plethora of
field-induced states [12, 13].
This variability and diversity can also be utilized to
distinguish between local and cooperative effects, thus
elucidating the microscopic nature of the system. Re-
cently, we studied Ba2Ni(PO4)2 [14], where two consecu-
tive magnetic transitions take place in zero field, a short-
range order is observed above the magnetic transitions,
and several field-induced phases are formed. Remarkably,
this complex behavior occurs in the presence of mostly
non-frustrated exchange couplings. However, single-ion
anisotropy may be quite strong and leads to different easy
axes for different Ni2+ ions, thus frustrating collinear or-
der imposed by the exchange.
Here, we seek to verify this scenario by studying
the reference Mn2+ compound, Ba2Mn(PO4)2, with
the same crystal structure but different magnetic ion.
Whereas Ni2+ (d8) can support a sizable single-ion
anisotropy, Mn2+ should be nearly isotropic. By com-
paring the low-temperature magnetic behavior of the Mn
and Ni compounds, we are able to distinguish between
effects driven by the exchange and single-ion anisotropy.
Indeed, we find that Ba2Mn(PO4)2 shows neither multi-
ple magnetic transitions nor short-range order, and its
field-induced state is merely a spin-flop phase. This
happens despite the stronger frustration of isotropic ex-
change couplings in Ba2Mn(PO4)2 compared to its Ni-
based sibling.
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2II. METHODS
Polycrystalline samples of Ba2Mn(PO4)2 were pre-
pared by the solid-state reaction technique using BaCO3
(99.999%, Alfa Aesar), MnO (99.999%, Aldich), and
NH4H2PO4 (99.999%, Alfa Aesar) as starting materials.
The stoichiometric mixtures were heated at 1000 ◦C for
72 h with several intermediate grindings and pelletiza-
tions. The resulting sample had light pink color. Its
phase purity was confirmed by x-ray diffraction (XRD,
PANalytical powder diffractometer and CuKα radiation)
at room temperature. However, magnetization measure-
ments revealed a minor amount of the ferromagnetic im-
purity Mn3O4 that could not be detected by XRD and
neutron diffraction. The crystal structure was refined by
the Rietveld method using the powder XRD data.
Magnetic susceptibility χ(T ) measurements were per-
formed using the SQUID magnetometer (Quantum De-
sign). Heat capacity Cp(T ) measurements were per-
formed using the commercial Physical Property Measure-
ment System (PPMS, Quantum Design).
Neutron diffraction patterns were recorded using the
cold neutron focusing diffractometer E6 (λ = 2.45 A˚)
at HZB, Germany. The powder sample was packed
in a cylindrical vanadium container. Zero-field low-
temperature measurements were performed in a standard
orange He cryostat. The neutron diffraction patterns un-
der magnetic fields were recorded by using a 14 T vertical
cryomagnet from Oxford instruments. The diffraction
data were analyzed by the Rietveld method using the
Fullprof [15].
Isotropic exchange couplings were parametrized by the
spin Hamiltonian
H =
∑
〈ij〉
Jij SiSj −
∑
i
D (Szi )
2 +
∑
i
E[(Sxi )
2 − (Syi )2],
(1)
where the summation is over bonds 〈ij〉, Jij are isotropic
exchange couplings, D and E stand, respectively, for
the out-of-plane and in-plane single-ion anisotropies, and
S = 52 for Mn
2+. Microscopic parameters entering
Eq. (1) were computed by density-functional (DFT)
band-structure calculations performed in the FPLO [16]
and VASP [17] codes using the Perdew-Burke-Ernzerhof
flavor of the exchange-correlation potential [18]. Correla-
tion effects in the Mn 3d shell were taken into account on
the mean-field DFT+U level with the on-site Coulomb
repulsion parameter Ud = 5.5 eV and Hund’s exchange
Jd = 1 eV [6]. Magnetic parameters were obtained by a
mapping procedure, as described in Ref. 19. The local
moment of 4.65µB on Mn was obtained in VASP calcula-
tions.
Thermodynamic properties for the isotropic part of the
spin Hamiltonian, Eq. (1), were obtained by quantum
Monte-Carlo simulations using the loop algorithm [20]
implemented in the ALPS package [21]. L × L × L fi-
nite lattices (L ≤ 10) with periodic boundary condi-
tions were employed, excluding any appreciable finite-
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FIG. 1. (Color online) Rietveld refined x-ray powder diffrac-
tion pattern for Ba2Mn(PO4)2 at room temperature. The
observed and calculated patterns are shown by filled circles
and solid black line, respectively. The difference between ob-
served and calculated patterns is shown by the thin line at
the bottom. The vertical bars are the allowed Bragg peak
positions.
size effects within the temperature range of our interest.
Ne´el temperatures were obtained as the crossing point of
Binder cumulants for the staggered magnetization calcu-
lated with different L.
III. RESULTS
A. X-ray diffraction and crystal structure
Rietveld refinement of the room-temperature XRD
pattern (Fig. 1) confirms that Ba2Mn(PO4)2 crystallizes
in the monoclinic space group P21/n (space group No.
14). Refined lattice parameters (Table I) are in good
agreement with the values reported by Faza et al. [22].
There is a single crystallographic site for magnetic Mn,
however, two sites for each of Ba and P ions. Oxygen ions
are located at eight crystallographic sites. All atoms oc-
cupy at the 4e crystallographic site and all the atomic
sites are found to be fully occupied.
The crystal structure of Ba2Mn(PO4)2 consists of lay-
ers of MnO6 octahedra and (PO4)
−3 groups. All the
magnetic Mn2+ ions are equivalent by symmetry and sit-
uated at the center of a nearly regular MnO6 octahe-
dron. On the other hand, phosphorous atoms have two
nonequivalent crystallographic sites, P(1) and P(2), that
form nearly regular P(1)O4 and P(2)O4 tetrahedra, re-
spectively. Within a given layer, the MnO6 octahedra
are connected by corner-sharing PO4 tetrahedra, result-
ing in a honeycomb arrangement of the magnetic Mn2+
ions [Figs. 2(a) and 2(b)]. One of such honeycomb units
of the Mn2+ ions is shown in [Fig. 2 (a)]. The hon-
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FIG. 2. (Color online) (a) Projection of the crystal structure of Ba2Mn(PO4)2 along the a axis, with the honeycomb
arrangement of the Mn2+ ions highlighted by the honeycomb-unit. (b) Schematic representation of the exchange interactions
J1, J2, J3 and J4 in Ba2Mn(PO4)2. The honeycomb units are formed by two J1 and four J4 exchange interactions, whereas
J2 and J3 connect the honeycomb planes.(c) An alternative view of the spin lattice in terms of zigzag spin chains along the
crystallographic a-axis. The chains are built by nearest-neighbor couplings J1, J2 and the second-neighbor coupling J3. The
coupling J4 connects the zigzag chains.
TABLE I. Refined fractional atomic coordinates and isotropic
thermal parameters Biso of Ba2Mn(PO4)2 at room temper-
ature. Same value for Biso parameter was used for atoms of
each type. The numbers in the parentheses are error bars ob-
tained from the Rietveld refinement. Lattice parameters are
a = 5.3160(9) A˚, b = 8.9750(15) A˚, c = 16.2750(3) A˚, and β =
90.241(9)◦. Space group: P21/n.
Atom x/a y/b z/c Biso (A˚
2)
Ba1 0.2897(4) 0.2973(17) 0.9800(11) 0.69(04)
Ba2 0.7373(4) 0.8437(17) 0.2705(11) 0.69(04)
Mn 0.2651(14) 0.4845(5) 0.3626(3) 0.44(08)
P1 0.7480(2) 0.5926(8) 0.4194(5) 0.89(11)
P2 0.2410(2) 0.5972(8) 0.1650(5) 0.89(11)
O11 0.7820(4) 0.6089(14) 0.5109(10) 0.99(19)
O12 0.5150(3) 0.6880(2) 0.4063(11) 0.99(19)
O13 0.6940(4) 0.4370(17) 0.3851(9) 0.99(19)
O14 0.9740(3) 0.6570(2) 0.3802(11) 0.99(19)
O21 0.3130(3) 0.5436(16) 0.0716(10) 0.99(19)
O22 0.3270(3) 0.7537(18) 0.1630(9) 0.99(19)
O23 −0.0660(3) 0.6111(20) 0.1730(10) 0.99(19)
O24 0.3080(4) 0.5094(16) 0.2392(10) 0.99(19)
eycombs are distorted, with two shorter (J1; 5.089 A˚)
and four longer (J4; 5.807 A˚) Mn–Mn contacts via the
P(1)O4 and P(2)O4 tetrahedra, respectively [Fig. 2 (b)].
Two other possible interactions (J2 and J3 between the
Mn ions having distances 5.286 and 5.311 A˚, respec-
tively, via the P(1)O4 and P(2)O4 tetrahedra) connect
the adjacent honeycomb planes. The crystal structure of
this compound can alternatively be viewed as a zigzag
spin chain along the crystallographic a-axis [Fig. 2 (c)].
The zigzag spin chains of Mn2+ are formed by nearest-
neighbor intrachain interactions J1 and J2. The finite
second nearest-neighbor exchange interaction J3 also pos-
sible due to the similar superexchnage interaction path-
ways. Such zigzag chains are again coupled by J4 along
the c-axis. Within the zigzag chains, the triangular ar-
rangement of the three possible intrachain interactions
(J1-J3) may lead to a geometrical frustration. We will
show below that such a description is indeed more rea-
sonable, and will also assess the effect of frustration on
thermodynamic properties of Ba2Mn(PO4)2.
B. Magnetic Susceptibility
Temperature-dependent dc-magnetic susceptibility
χ = M/H (Fig. 3) reveals a kink at TN ' 5 K, which
is especially pronounced in the Fisher’s heat capacity
∂(χT )/∂T [Fig. 3 (b)], suggesting the onset of long-range
magnetic ordering, in agreement with heat capacity
data discussed below. Additionally, weak ferromagnetic
signal was observed in the field of 0.1 T below 42 K. We
4FIG. 3. (Color online) (a) Temperature-dependent dc-
magnetic susceptibility (χ = M/H) and the inverse suscepti-
bility χ−1 of Ba2Mn(PO4)2 measured under an applied mag-
netic field of H = 1 T. The straight solid red line is the
Curie-Weiss fit to the χ−1(T ) data above 15 K. (b) Fisher’s
heat capacity ∂(χ)/∂T at different applied fields over the low-
T region. The inset shows χ(T ) measured under different
applied fields.
ascribe this ferromagnetic signal to a minor impurity of
Mn3O4 [23]. Its contribution is fully suppressed already
at 1 T, no anomaly at 42 K is seen.
At high temperatures, the susceptibility follows the
Curie-Weiss behavior [Fig. 3 (a)],
χ =
C
T − θCW , (2)
where C = NAµ
2
eff/3kB is the Curie constant, and θCW
is the Curie-Weiss temperature, NA stands for Avo-
gadro’s number, µeff is the effective magnetic moment,
and kB is Boltzmann’s constant. The fit of Eq. (2) to
the experimental χ−1(T ) data above 80 K yields C =
4.26(1) cm3 K/mol Mn, and θCW = −12.0(1) K. The
effective magnetic moment (µeff) is calculated to be
5.84(1)µB/Mn
2+ in good agreement with the earlier re-
port [22] and with the expected spin-only value of 5.92µB
for S = 52 and g = 2. The negative Weiss temper-
ature suggests that the dominating exchange interac-
tions are antiferromagnetic (AFM) in nature. The ratio
|θCW/TN | = 2.4 suggests the possibility of frustrations in
FIG. 4. (Color online) (a) Temperature dependence of
the specific heat Cp of Ba2Mn(PO4)2 measured at zero field.
Open circles are the raw data, the solid black line shows the
phonon contribution Cph, according to the fit with Eq. (3),
and the solid blue line indicates the magnetic contribution
(Cmag). The red solid line is extrapolated Cmag down to 0 K.
(b) The Cmag/T as a function of temperature over the low-
temperature range (1.8−40 K). The derived magnetic entropy
(Smag) is shown by the solid orange line. The inset shows the
Cmag curve zoomed over 3-9 K.
this system. The χ(T ) curves, measured under different
applied magnetic fields, are shown in the inset of Fig.
3(b). With increasing the field, TN shifts toward lower
temperatures.
C. Heat Capacity
Specific heat of Ba2Mn(PO4)2 (Fig. 4) reveals a λ-like
anomaly at TN ' 5 K in zero field, confirming the on-
set of long-range magnetic ordering. A single magnetic
phase transition is evident for the studied Mn compound
in contrast to its Ni counterpart having two successive
magnetic phase transition at 5 and 4.6 K. We estimated
magnetic heat capacity, Cmag(T ), by subtracting the lat-
5tice contribution from the measured total heat capacity
data. The lattice contribution is estimated by fitting the
high-temperature data above 20 K by a model with one
Debye-type and three Einstein-type heat capacity terms,
Cp(T ) = fD CDeb(ΘD, T ) +
∑
i
gi CEin,i(ΘE,i, T ). (3)
The detailed methodology of the fitting is explained
in Ref. 14, 24–26. The best fit of the data (20 − 200 K)
was obtained for ΘD = 85.53(8) K, ΘE1 = 166.21(4) K,
ΘE2 = 399.36(4) K, and ΘE3 = 1074.03(5) K. The fitted
curve is shown by the solid line in Fig. 4(a). The fits
of the experimental Cp data by different combinations of
the Debye and Einstein terms over various temperature
ranges confirm that below 13 K Cmag is the dominant
contribution independent of fitting details.
This magnetic contribution is shown in Fig. 4(b). The
red line in Fig. 4(a) and solid circles in Fig. 4(b) below
1.8 K are data points extrapolated to 0 K by assuming
a simplified magnon dispersion of a 3D antiferromagnet
(Cmag ∝ T 3), to estimate magnetic entropy (Smag) ac-
curately. The associated magnetic entropy is calculated
as
Smag(T ) =
∫ T
0
Cmag(T
′)/T ′dT ′. (4)
The estimated Smag as function of temperature is
shown in Fig. 4(b) by the solid orange line. The
total amount of magnetic entropy change is Smag =
12.36(2) J/(mol K) at 40 K, in good agreement ( 83 %)
with the expected value of R ln(2S + 1) = R ln(6) =
14.89 J/mol K, where R is the molar gas constant.
Two features of the Cmag/T curve are worth mention-
ing. First, the broad bend seen below TN is typical of
the specific heat of a spin- 52 magnetic ion and originates
from temperature-dependent populations of the Zeeman
levels split by the local exchange field [6, 27]. Second, no
broad peak/hump is seen above TN [inset of Fig. 4(b)],
thus indicating the absence of short-range order and dis-
tinguishing Ba2Mn(PO4)2 from its Ni sibling that shows
a broad peak/hump in Cmag/T around 7 K [14], i.e., 2.5 K
above the TN [28].
The Cp(T ) curves measured under different applied
magnetic fields are shown in the inset of Fig. 4(a). With
increasing the field, the λ-like anomaly broadens and
shifts towards lower temperatures. Eventually, at 14 T
no transition is observed indicating that TN is suppressed
below 1.8 K or even vanishes.
D. Magnetization
Isothermal magnetization curve M(H) measured at
1.9 K is shown in Fig. 5(a). It reveals weak hysteresis
below ∼ 1 T with the remanent magnetization of about
0.05µB/f.u., and a change of slope at ∼ 2.2 T. The small
FIG. 5. (Color online) (a) Magnetization (M) as a function
of the applied field (H) measured at 1.9 K. The inset shows
the zoomed M vs. H curve in the low-field region. (b) The
M vs. H curves measured at 1.9, 3, 4, 5, and 10 K. The inset
shows their derivatives. The curves are vertically shifted for
clarity and the arrows indicate field-induced transitions.
remanent magnetization is most likely due to the Mn3O4
impurity (see Sec. III B above). At 13 T, more than 70 %
of the full (saturated) moment is reached, and the curve
shows a small bend, which is better visible in the deriva-
tive, dM/dH curve [inset of Fig. 5 (b)].
The weak hysteretic behavior is likely due to the
Mn3O4 impurity. The bend at 2.2 T could be inter-
preted as a spin-flop transition. As for the effect at
13 T, it may not reflect full saturation, because M14T ∼
4.11µB/Mn
2+ yields only 82% of the saturation value
of Ms = gSµB = 5µB/Mn
2+ (S = 52 , g = 2). When an
anisotropic magnetization process is measured on powder
sample, such bends may indicate that the system is satu-
6rated for one field direction without reaching saturation
for other field directions. The single spin-flop transition
at 2.2 T in Ba2Mn(PO4)2 is in contrast to its Ni coun-
terpart having two field induced transitions at 4 and 10
T before saturation.
E. Ordered states
1. Zero-field case
Neutron diffraction patterns for Ba2Mn(PO4)2 mea-
sured at 10 K (paramagnetic state) and at 1.5 K (magnet-
ically ordered state) are shown in Fig. 6(a) and Fig. 6(b),
respectively. The refinement of the 10 K paramagnetic
pattern confirms the monoclinic crystal structure with
the space group P21/n. The diffraction pattern at the
lowest temperature 1.5 K (magnetic ordered state) dis-
plays a set of additional, magnetic Bragg peaks [Fig.
6(b)] that can be indexed with the propagation vector
k = ( 12 , 0,
1
2 ) with respect to the monoclinic unit cell.
This indicates a doubling of the magnetic unit cell along
the a and c axes.
Magnetic structures of Ba2Mn(PO4)2 compatible with
the crystallographic symmetry were determined by the
representation analysis using the BASIREPS program of
the Fullprof suite [15, 29–36]. The symmetry analysis
reveals four magnetic structures that can form upon the
second-order phase transition at TN . The magnetic re-
ducible representation Γmag for the Mn site can be de-
composed as a direct sum of IRs as
ΓMnmag = 3Γ
1
1 + 3Γ
1
2 + 3Γ
1
3 + 3Γ
1
4 (5)
All the four Γ’s are one-dimensional and appear three
times in the Γmag. The basis vectors (Fourier components
of the magnetization) for the magnetic Mn site 4e (x,y,z)
are given in Table II for the four IRs. The basis vectors
are calculated using the projection operator technique
implemented in BASIREPS [15].
The refinement of the magnetic structure was tested
for all the four Γ’s. Only the Γ1 produced a good fit
of the observed diffraction patterns at 1.5 K. The fitted
pattern is shown in Fig. 6(b). For further clarification,
the pure magnetic pattern at 1.5 K (after subtraction of
the nuclear background at 10 K) is shown in Fig. 6(c)
along with the calculated magnetic pattern. The Rmag
factor was found to be 6.92 %.
The basis vectors for Γ1 [Table II] indicate that all
three components of the magnetic moment can be re-
fined. However, we found that the c-component alone
is sufficient to fit the data. The refinement of the a-
and b-components did not improve the fit, while their re-
fined values remained close to zero. We thus conclude
that magnetic moments point along the c-direction of
the crystal structure. The ordered moment is 4.33 ±
0.08µB/Mn
2+ at 1.5 K, slightly lower than 5µB/Mn
2+
FIG. 6. (Color online) Experimentally observed (circles) and
calculated (solid black lines) neutron diffraction patterns for
Ba2Mn(PO4)2 at (a) 10 K (paramagnetic state) and (b) 1.5 K
(magnetically ordered state), respectively measured by using
an orange He cryostat. For the refinement of both the diffrac-
tion patterns, few regions are excluded where the aluminum
lines (from the cryostat) were observed. (c) Magnetic pattern
at 1.5 K (after subtraction of nuclear background at 10 K).
The magnetic pattern in (c) is zoomed vertically by two times
for clarity. The solid blue lines at the bottom of the each panel
represent the difference between observed and calculated pat-
terns. The vertical bars indicate the positions of allowed nu-
clear and magnetic Bragg peaks. The inset of (c) shows the
temperature dependent order moment. The line is a guide to
the eyes.
7TABLE II. Basis vectors of the magnetic Mn site with the
propagation vector k = ( 1
2
, 0, 1
2
) for Ba2Mn(PO4)2. Only
the real components of the basis vectors are presented. The
atoms of the non-primitive basis are defined according to
Mn1: [(0.2628, 0.4911, 0.3596) : (x, y, z)]; Mn2: [(0.2372,
0.9911, 0.1404) : (x¯ + 1
2
, y + 1
2
, z¯ + 1
2
)]; Mn3: [(−0.2628,
−0.4911, −0.3596): (x¯, y¯, z¯)]; Mn4: [(0.7628, 0.0089, 0.8596)
: (x+ 1
2
, y¯ + 1
2
, z + 1
2
)].
IRs Basis Vectors
Mn1 Mn2 Mn3 Mn4
Γ11 Ψ1 (100) (1¯00) (100) (1¯00)
Ψ2 (010) (010) (010) (010)
Ψ3 (001) (001¯) (001) (001¯)
Γ12 Ψ1 (100) (1¯00) (1¯00) (100)
Ψ2 (010) (010) (01¯0) (01¯0)
Ψ3 (001) (001¯) (001¯) (001)
Γ13 Ψ1 (100) (100) (100) (100)
Ψ2 (010) (01¯0) (010) (01¯0)
Ψ3 (001) (001) (001) (001)
Γ14 Ψ1 (100) (100) (1¯00) (1¯00)
Ψ2 (010) (01¯0) (01¯0) (010)
Ψ3 (001) (001) (001¯) (001¯)
c
b
(a) (b)
J4
J1 J1
J4
J4 J4
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a
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FIG. 7. (Color online) The magnetic structure of
Ba2Mn(PO4)2. The projection of the magnetic structure in
the (a) ac and (b) bc planes, respectively.
expected for S = 52 . This reduction may reflect residual
fluctuations in the ordered state due to geometrical spin
frustration or the Mn–O hybridization that reduces the
ordered moment on Mn2+.
The resulting magnetic structure is shown in Fig. 7.
Within the zigzag chains, two nearest-neighbor spins
align parallel on the J1 bond and antiparallel on the
J2 bond. This leads to an antiparallel alignment of the
spins on the J3 bond, suggesting that J2 and J3 dom-
inate over J1 (all couplings are antiferromagnetic, see
Sec. III G below). Regarding the honeycomb structural
units, this magnetic order can be viewed as stripe or anti-
Ne´el type, similar to the ground-state spin configuration
in Ba2Ni(PO4)2 [14, 37]. The magnetic moments are fully
compensated, and zero net magnetization is expected, in
agreement with our DFT results reported in Sec. III G
below.
2. Field-induced states
To explore the field-induced states, we performed neu-
tron diffraction measurements under several magnetic
fields at 1.8 and 4 K (Fig. 8). With increasing magnetic
field, the intensity of the magnetic peaks characteristic
of the AFM phase decreases monotonically and at 12 T
becomes very small at 1.8 K, whereas at 4 K it vanishes.
On the other hand, additional magnetic intensity appears
on top of some of the nuclear Bragg peaks indicating the
formation of a ferromagnetic phase. Field dependence
of the characteristic magnetic peaks (011¯) + k and (101)
at 1.8 and 4 K is shown in panels (c) and (d) of Fig. 8,
respectively.
The Rietveld-refined neutron diffraction patterns mea-
sured under 0, 7 and 12 T at 4 K are shown in Fig. 9.
The pattern in zero field could be described by a su-
perposition of the nuclear phase and AFM phase with
k = ( 12 , 0,
1
2 )]. In contrast, under the field of 12 T, only
magnetic peaks corresponding to the propagation vector
[k = (0 0 0)] are present, indicating that a field-induced
ferromagnetic phase has formed. Good agreement with
the experimental pattern is obtained by a refinement with
a two-phase model (nuclear and FM phases). The refined
magnetic moments are found to be ma = −2.4± 0.3 µB ,
mb = 2.4 ± 0.3 µB , and mc = 3.5 ± 0.2 µB with the to-
tal moment of mMn = 4.9µB , which is very close to the
spin-only value of 5µB/Mn
2+. Schematic representation
of the magnetic structure in this phase is given in Fig.
10 (b).
In the field-induced intermediate state (under 7 T),
magnetic intensities are distributed between the k =
( 12 , 0,
1
2 )] and FM [k = (0 0 0)] peaks. A three-phase re-
finement with the nuclear, AFM and FM phases results
in a good description of the experimental data. During
the refinement, same scale factor was considered for all
the three phases. A schematic representation of the mag-
netic structure for this intermediate field range is shown
in Fig. 10 (a). The coexistence of the AFM and FM
phases simply represents a canted state characterized by
two propagation vectors.
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FIG. 8. (Color online) Field evolution of the neutron diffraction patterns at (a) 1.8 K and (b) 4 K. The field-dependent
integrated intensity of the magnetic peaks (011¯) + k and (011) at (c) 1.8 K and (d) 4 K.
F. Magnetic phase diagram
The magnetic phase diagrams in the H –T plane for
Ba2Mn(PO4)2 is shown in Fig. 11. In zero field, a
magnetic phase transition occurs from paramagnetic
state to the ordered AFM ground state at ∼ 5 K. With
increasing magnetic field, the transition temperature
remains constant over the low-field region (below ∼ 3 T),
then decreases rapidly, and drops below 2 K above ∼
12 T. In the ordered state (below 5 K), with increasing
magnetic field, a spin-flop transition from the AFM
state to a field induced state is found at ∼ 2.2 T. The
ordered state at intermediate fields features canted spins
that gradually tilt toward the field direction. Neutron
powder diffraction sees this state as a combination of
AFM and FM phases with different propagation vectors.
All the temperature and field induced transitions are of
second order as no hysteresis is evident across the phase
transitions.
G. Microscopic magnetic model
(Color online) Magnetic exchange couplings calculated
for Ba2Mn(PO4)2 are summarized in Table III. They are
AFM and compatible with the experimental Curie-Weiss
TABLE III. Exchange couplings Ji (in K) and the ensu-
ing Curie-Weiss temperature θCW (in K) calculated using the
FPLO and VASP codes. The Mn–Mn distances dMn−Mn are
given in A˚.
dMn−Mn Ji (FPLO) Ji (VASP)
J1 5.089 0.5 0.7
J2 5.286 0.8 1.0
J3 5.311 1.6 1.7
J4 5.807 0.3 0.3
θCW −14.9 −16.6
temperature θCW ' −12 K estimated as
θCW = −S(S + 1)
3
∑
i
ziJi, (6)
where zi is the number of couplings per site. Similar
to Ba2Ni(PO4)2, the leading coupling is J3, whereas J1
and J2 are of similar size and frustrated. The J2 > J1
condition can be reproduced in different band-structure
codes (Table III). It is also robust with respect to the
variation of the Coulomb repulsion parameter Ud within
the realistic 4 − 6 eV range. We thus conclude that J2
and J3 overcome J1 resulting in parallel spin alignment
on the J1 bonds despite the AFM nature of this coupling.
The competition between J1 and J2 has strong impact
on thermodynamic properties of Ba2Mn(PO4)2. We first
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FIG. 9. (Color online) Experimentally observed (circles) and
calculated (solid black lines) neutron diffraction patterns for
Ba2Mn(PO4)2 at 4 K under an applied magnetic field of (a)
0 T (pure AFM state), (b) 7 T (AFM+FM state) and (c)
12 T (pure FM state), respectively. The solid blue lines at
the bottom of the each panel represent the difference between
observed and calculated patterns. The vertical bars indicate
the positions of allowed nuclear and magnetic Bragg peaks.
simulated magnetic susceptibility of Ba2Mn(PO4)2 dis-
regarding the frustrating coupling J1 completely. De-
spite satisfactory agreement with the experimental data
at high temperatures, deviations occur already at 30 K
(Fig. 12, dashed line), whereas the calculated TN ' 7.5 K
is well above the experimental value. On the mean-field
level, the effect of frustration is merely the renormal-
ization of J2 to Jeff = J2 − J1 ' 0.3 K. With this ef-
fective coupling, we can largely improve the fit of the
magnetic susceptibility (Fig. 12, solid line) [38] and ob-
tain TN ' 5.5 K in nearly perfect agreement with 5.0 K
determined experimentally.
Turning now to the anisotropic part of the spin Hamil-
tonian, we first compare energies for different spin direc-
tions on a single Mn2+ ion. The c direction is preferable,
(a) (b)
c
a cAFM [4K  7 T] FM [4K  12 T]
c
a
J4
J1 J2
J3 J4
J1 J2
J3
FIG. 10. (Color online) Schematic representation of the
magnetic structure corresponding to field-induced (a) canted
AFM state and (b) polarized FM state in ac-plane, respec-
tively.
whereas spins directed along a and b increase the energy
by 0.39 K and 0.18 K, respectively. This corresponds to
the single-ion terms D = 45.6 mK and E = 16.8 mK,
where z = c, x = a, and y = b in the spin Hamilto-
nian, Eq. (1). For comparison, we considered lowest-
energy AFM configurations with all spins directed along
c or a, and found the energy difference of 0.41 K/Mn2+,
which includes both single-ion effects and the exchange
anisotropy (different Jij ’s for different spin components).
The single-ion anisotropy turns out to be the leading
term that chooses c as preferred spin direction, in agree-
ment with the direction of the magnetic moment deter-
mined experimentally. Exchange anisotropy is only 6 %
of the single-ion term.
Finally, we inspected possible spin canting in the AFM
ground state. To this end, we performed a calcula-
tion without constraining spin directions and arrived at
mc = 4.64µB as well as mb < 0.001µB . This con-
firms the absence of any appreciable spin canting in
Ba2Mn(PO4)2, whereas small remanent magnetization
detected in the magnetization measurements should be
due to the Mn3O4 impurity.
IV. DISCUSSION AND SUMMARY
Ba2Mn(PO4)2 and Ba2Ni(PO4)2 are isostructural.
They share the same type of AFM order and even feature
similar Ne´el temperatures TN ' 5 K. Nevertheless, their
microscopic scenarios are distinctly different. Isotropic
exchange interactions Ji follow the same pattern in both
compounds, with the leading coupling J3 and a sizable
“diagonal” couplings J1 and J2. Our DFT based cal-
10
2 3 4 5 60
3
6
9
1 2
1 5   B a 2 M n ( P O 4 ) 2
  
 
  P M
 χ( T ) C ( T ) M ( H ) M ( H )
Mag
neti
c  F
ield
 (T)
T e m p e r a t u r e  ( K )
  F M
  c A F M
A F M
FIG. 11. (Color online) Magnetic phase diagram of
Ba2Ni(PO4)2 in the H − T plane. The half-filled and open
circles with central dot points are obtained from magneti-
zation and heat-capacity measurements, respectively. The
points represented by stars are obtained from the suscepti-
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FIG. 12. Magnetic susceptibility of Ba2Mn(PO4)2 measured
in the applied field of 1 T, and its fit with two models: i)
without frustration (J1 = 0, dashed line); ii) with frustration
taken into account on the mean-field level via the effective
coupling Jeff = J2 − J1 replacing J2 (solid line), see text for
details.
culations for Ba2Mn(PO4)2 reveal that all the exchange
interactions (J1-J4) are AFM in nature (Table III).
As per the Table III, the interconnection between Mn-
Mn bonds forms a frustrated zigzag spin chain lattice
made up by three different exchange couplings (J1-J3).
Further, the pathways of the exchange couplings are
composed of super-exchange interaction by two different
P(1)O4 and P(2)O4 tetrahedra, respectively. The possi-
ble superexchange interaction pathways in Ba2Mn(PO4)2
are J1 [Mn-O1-P(1)-O2-Mn], J2 [Mn-O1-P(1)-O4-Mn],
J3 [Mn-O2/O3-P(1)-O4-Mn] and J4 [Mn-O6-P(2)-O8-
Mn] and the distance of respective exchange couplings
are listed in the Table III. Although they are having sim-
ilar super exchange pathways, their strength are quite
different as estimated by DFT calculations.
By considering the hierarchy of the exchange interac-
tions, the magnetic lattice of Ba2Mn(PO4)2 can be de-
fined as a frustrated zigzag chain along the a-axis. The
strongest exchange interaction J3 resulted into an an-
tiparallel alignment of the second nearest-neighbour spins
along the zigzag chain. The spin on the nearest neighbour
site, that forms a triangular lattice with the antiparallelly
aligned two spins, becomes now frustrated as both the J1
and J2 are antiferromagnetic. The relatively stronger J2
overcomes J1 and resulting into the observed magnetic
ground state where the nearest neighbour spin has an-
tiparallel alignment with respect to the J2 and parallel
alignment with respect to the J1 within the zigzag chain.
In Ba2Ni(PO4)2, J1 is a small coupling of minor im-
portance that is easily overridden by J2. On the other
hand, single-ion anisotropy turns out to be as strong as
the isotropic couplings, and competition between single-
ion anisotropies on different Ni2+ sites gives rise to a
rather unusual frustrated scenario that manifests itself
in the short-range order above TN .
Ba2Mn(PO4)2 behaves more like a conventional an-
tiferromagnet without any short-range order above TN .
Its single-ion anisotropy is less than 5 % of J3 and ap-
pears to be uniaxial, with same preferred direction for
all Mn2+ ions. Although lacking frustration related to
the anisotropy, Ba2Mn(PO4)2 exhibits appreciable frus-
tration by isotropic exchange couplings, because J1 and
J2 are now of similar size. This frustration has a strong
impact on thermodynamic properties and TN .
Despite different mechanisms of the frustration, its
magnitude turns out to be similar in Ba2Mn(PO4)2
and Ba2Ni(PO4)2, with the comparable |θCW/TN | = 2.4
and 2.1, respectively. The manifestations are different,
though. Ba2Ni(PO4)2 with its frustration due to mag-
netic anisotropy exhibits a short-range magnetic order
above TN , whereas Ba2Mn(PO4)2 with its frustration by
isotropic exchange couplings lacks such a short-range or-
der. Moreover, Ba2Ni(PO4)2 undergoes two consecutive
magnetic transitions in zero field, whereas Ba2Mn(PO4)2
shows a single transition.
Field-induced behavior bears more dissimilarities. The
horizontal line on the H − T phase diagram at 2.5 T
(Ba2Mn(PO4)2) and 4 T (Ba2Ni(PO4)2) would be con-
sistent with a spin-flop transition. In Ba2Mn(PO4)2, we
indeed observe a gradual spin canting from the AFM
state toward the fully polarized state, without any pe-
culiarities, whereas in Ba2Ni(PO4)2 a distinct high-field
phase above 10 T was reported [14]. For Ba2Mn(PO4)2,
the behavior in higher fields indicates full polarization.
Our neutron data for Ba2Mn(PO4)2 at 12 T and 4 K are
compatible with the simple ferromagnetic state. On the
other hand, magnetization does not show full polariza-
tion under 14 T at 1.9 K. This discrepancy most likely
reflects directional dependence of the saturation field.
In summary, we performed a comprehensive char-
acterization of the frustrated spin- 52 antiferromagnet
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Ba2Mn(PO4)2. Its AFM order is driven by couplings
between the frustrated 1D zigzag spin chain. The
anisotropy is mostly of single-ion nature and weak. On
the other hand, frustration of isotropic couplings within
and between the 1D zigzag spin chain has a strong
impact on thermodynamic properties. We conclude
that different mechanisms of the frustration, competing
isotropic exchange couplings or mismatched single-ion
anisotropies, can lead to very different physical scenar-
ios. The Mn and Ni compounds represent two limiting
cases, whereas the isostructural Co compound [22] may
combine two types of frustration and will be interesting
for future studies.
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